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(1) 因[M6Cl12(CN)6]4-（M=Nb，Ta）团簇 外层 8 个骨架成键分子轨道刚好
排满，当 Rh（d9）原子替代其中的 Nb，Ta（d5）形成 M/Rh 混合簇后，多出的
骨架电子排布在骨架反键（或非键）轨道上。混合团簇的正八面体构型不稳定，
发生畸变。所有二元混合团簇稳定构型对称性均较低，除[M2Rh4Cl4H8(CN)6]4-
（M=Nb，Ta）混合团簇的对称性较高外，其它多为 C1 或 Cs 群。 
  (2) 混合簇与单金属纯簇的相同点是： 外层分子轨道均为金属簇骼轨道，
主要由 Nb 和 Rh 原子的 d 轨道贡献。与单金属簇合物不同的是：从
[M5RhCl10H2(CN)6]4-到[MRh5Cl2H10(CN)6]4-混合团簇中，随着 Rh 原子替代 M
（M=Nb，Ta）原子个数的增加，Rh 原子的贡献越来越大，可 Rh 原子间电子云
均不重叠，成键能力较弱；M-M 键个数减少，其对稳定构型的贡献也在减小；
而 Nb(或 Ta)原子和 Rh 原子间电子云重叠部分增多，M-Rh 键成键能力增强。 















Mulliken 电荷多为正值。说明 Nb 原子转移电荷给配体 Cl 原子，而 H 原子转移
电荷给骨架 Nb、Rh 原子。 




















Since their first structural characterization in solution in the 1950s in Pauling’s 
laboratory, edge-bridged octahedral cluster compounds of general formula 
[(M6X12)L6]n- (M=Nb,Ta) have attracted considerable experimental and theoretical 
studies. Recently, due to the use of octahedral cluster [(M6X12)L6]n- (M=Nb,Ta) as 
building block to prepare hybrid inorganic-organic materials through self-assembly 
processes, these clusters attracted considerable attention. In 2004, Weller and 
co-workers described a family of hydride rich late transition metal clusters of the type 
[Rh6(PR3)6H12]2+ (R= iPr3 or Cy) , with a valence electron count of seventy-six 
electrons. These clusters show a remarkable structural similarities and the same 
valence electron count for early transition metal halide octahedral clusters(e.g. 
[Nb6Cl12(CN)6]4-), and can be considered to bridge the gap between early and late 
transition metal clusters. Because these [Rh6(PR3)6H12]2+ clusters have good potential 
applicability in synthesis and hydrogen storage, it is very important that the 
systematic theoretical studies about these clusters by using quantum chemical 
methods. 
   For these early transition metal clusters with π-acceptor ligands(e.g. 
[Nb6Cl12(CN)6]4-), Wade’s rules and Polyhedral skeletal electron pair theory (PSEPT) 
have been widely applied. In this paper, in order to describe metal-metal bonding in 
these hexanuclear octahedral transition metal clusters, we take the idea of constructing 
molecular orbitals which was described by Mingos and Lin. 
In the present study, we investigate a series of hexanuclear binary M/Rh 
(M=Nb,Ta) mixed clusters by density functional theory (DFT). DFT calculations are 
used here to explore the structures, bonding, Mulliken population, and electronic 
structure of these clusters. So we can find that the chemical bonding and electronic 
structure of early and late transition metal clusters are the common effect of d orbital 
of transition metal and ligand. The main conclusions are as following: 
(1) We get a series of hexanuclear binary M/Rh (M=Nb,Ta)mixed clusters by 
substituted a Rh atom (d9) for a M (M=Nb,Ta) atom (d5) of [M6Cl12(CN)6]4-. In 
[(M6X12)L6]n- (M=Nb,Ta) clusters 8 bonding orbitals are filled and 16 antibonding 















antibonding orbitals (non-bonding orbitals). The geometries of mixed clusters are 
distorted from octahedral. The symmetry of mixed clusters are low (C1 or Cs) except 
for [M2Rh4Cl4H8(CN)6]4- (C4V or C2h) clusters. 
(2) There is the same point between mixed metal clusters and pure metal clusters: 
the outermost molecular orbitals are occupied by metal skeletal orbitals, and they are 
composed of Nb (or Rh) d orbitals. There is a different point: From 
[M5RhCl10H2(CN)6]4- to [MRh5Cl2H10(CN)6]4- (M=Nb,Ta), as the number of Rh atom 
increasing, the contribution of Rh increases, but the bonding strength of Rh-Rh is 
weak. The bonding strength of M-M changes little, and the number of M-M bond 
decreases, so the contribution to the stable configuration decreasing, and the M-Rh 
bond become stronger, 
(3) For the edge-bridged ligand, the Mulliken charge of Cl is negative, the 
Mulliken charge of H is positive. These results confirm that the porcess of charge 
transfer from Nb to Cl, however, for H it is a process of transfer charge to Nb (or Rh).  



































































在 140 多年前已由法国化学家 Z.Roussin 合成出来，但当时存在一定的偶然性。
因为初期原子簇化学主要是通过试错的合成方法获得，而这也存在一定的盲目

















































有关这方面的成键理论， 早可追溯到 1940 年，Sidgwick 等提出的有效电
子数（EAN）规则[26]。而后 Lipscomb 等提出了定域键方法：用硼烷的三中心键




为解决这一问题，20 世纪 70 年代初 Wade[18]提出了三角面多面体骨架电子
对理论（The Polyhedral Skeletal Electron Pair Theory 简记为 PSEPT），也称为


















随后，Lauher 等用 EHMO 半经验量子化学计算过渡金属原子簇骨架，得出
了金属原子簇的簇价轨道（CVMO）理论[23]。Lauher 的结论是定性的，对小原
子簇比较适用；对于大于 15 个原子的原子簇，在预言新原子簇方面就遇到困难。 
另外，还有 Mingos 提出的多面体簇骼电子对理论[30]。其对推算多面体簇骼
成键分子轨道数十分有效。Teo 在 Euler 规则和十八电子规则的基础上，提出了
拓扑电子计数理论[31]。按照原子簇骨架多面体的顶、面、棱数间的关系，加上
若干修正因子，计算原子簇的价电子数。 
为了从理论上阐述 Wade 规则，Stone 把多面体分子当作微扰球形壳层，引
入张量球谐函数法，在说明簇骼分子轨道的成键规律时给出了明确的轨道图像，
指出分子轨道的能谱近似地按量子数 l 和宇称来分类[19, 20],揭示了簇骼π 和δ 分
子轨道成对定理存在的可能性，从而引起人们的普遍关注和广泛兴趣。 
































1989 年，Mingos 和 Lin 提出了八面体过渡金属原子簇化合物（以下简称八
面体团簇）的分子轨道构成[37, 38]。把八面体团簇中金属—金属间的相互作用看
成由六个四方锥金属—配体（ML5）碎片的前沿轨道组成，每个 ML5 碎片的前沿
轨道由一个σ 成键杂化轨道和三个 T2g 轨道（见图 1.1 中 3）组成。σ 成键杂化
轨道也叫 hy(σ )，来源于 ML6 八面体中的一个杂化轨道。在大多数羰基簇合物
中 T2g 轨道通常作为金属—金属非键轨道，然而它们对于前过渡金属簇合物中的
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